Introduction {#Sec1}
============

The arterial baroreflex system is one of the most important negative feedback systems for stabilizing arterial pressure (AP) during daily activities. This system represents a typical example of homeostasis: a certain physiological variable is controlled within a small normal range against exogenous disturbances or environmental changes. A review by Sagawa \[[@CR1]\] in the Handbook of Physiology covers a wide range of research results on the arterial baroreflex system, and it might appear that there is nothing more to add. Nevertheless, the present article tries to address more recent topics related to open-loop static and dynamic characteristics of the arterial baroreflex system in rabbits and rats, with an emphasis on analytical methods. As for the open-loop static characteristics, studies using a baroreflex equilibrium diagram analysis are reviewed. The baroreflex equilibrium diagram schematically describes how the operating point of the arterial baroreflex is determined through an interaction between the autonomic nervous system and the cardiovascular system \[[@CR2], [@CR3]\]. As for the open-loop dynamic characteristics, studies using a frequency-domain transfer function analysis based on a white noise approach are reviewed. White noise analysis, developed in the engineering field, is a powerful analytical method for identifying dynamic characteristics of a system even in the presence of significant noise contamination \[[@CR4], [@CR5]\]. Identification of the dynamic characteristics helps understand the quickness and stability of the arterial baroreflex system in regulating AP.

Pathways {#Sec2}
========

Details about the central and peripheral pathways of the arterial baroreflex system can be found, for instance, in a review by Kumada et al. \[[@CR6]\]. Briefly, changes in AP are sensed by arterial baroreceptors located at the areas of the carotid bifurcation (the bifurcation of the common carotid artery into the internal and external carotid arteries) and the aortic arch. When AP is elevated, the arterial wall is stretched, and baroreceptor afferent fibers discharge via opening of stretch-activated ion channels. The afferent signals from baroreceptors are transmitted to the nucleus tractus solitarius (NTS), from which second-order neurons project to the caudal ventrolateral medulla (CVLM). The CVLM sends inhibitory signals to the rostral ventrolateral medulla (RVLM) via GABAergic neurons. The inhibition of sympathetic outflow from the RVLM decreases AP via suppression of cardiac function and dilatation of resistance and capacitance vessels \[[@CR7]\]. At the same time, other groups of neurons project from the NTS to the nucleus ambiguus \[[@CR8]\] and the dorsal motor nucleus of vagus \[[@CR9], [@CR10]\]. Excitation of these nuclei increases vagal nerve activity, contributing to a decrease in heart rate (HR). When AP decreases, the opposite responses occur to restore AP toward the baseline level; but how is the baseline level of AP determined? This topic is discussed later in the section entitled "Baroreflex equilibrium diagram and operating point."

History {#Sec3}
=======

The discovery of the arterial baroreflex system is described in detail, for instance, in a book chapter written by Persson \[[@CR11]\]. Briefly, the aortic depressor nerve, which runs through the neck region, was first identified in rabbits by Ludwig and Cyon in 1866 \[[@CR12], [@CR13]\]. Afferent stimulation of the cut end of this nerve yielded depressor and bradycardic responses. At the time of discovery, whether the nerve endings were restricted to the aortic arch area or if they also extended to the heart was a matter of controversy. The current view is that the aortic depressor nerve originates from the aortic arch area, where the aortic baroreceptors reside. The aortic depressor nerve joins the vagal nerve during its course to the NTS. The cell bodies of the aortic depressor nerve are primarily found in the inferior ganglion (the nodose ganglion) of the vagal nerve \[[@CR14]\].

The identification of the carotid sinus nerve (Hering's nerve) was approximately 60 years after that of the aortic depressor nerve. While the dilatation at the carotid bifurcation had been known as the "carotid sinus," its physiological significance had not been clarified. Czermak noted that pressure around his right upper neck brought about slowing of HR, and speculated that the swelling at the carotid sinus mechanically stimulated efferent vagal nerve to produce bradycardia ("Vagusdruckversuch") \[[@CR12]\]. Doubt was cast by Hering about the above interpretation. He performed a series of studies from 1923 to 1927 to demonstrate that the bradycardia was caused by a reflex arising from the carotid sinus \[[@CR15]\]. The carotid sinus nerve joins the glossopharyngeal nerve and projects to the NTS. The cell bodies of the carotid sinus nerve are mainly found in the superior ganglion and inferior ganglion (the petrosal ganglion) of the glossopharyngeal nerve \[[@CR16]\].

Open-loop analysis and other methods for estimating arterial baroreflex function {#Sec4}
================================================================================

Two principal subsystems of arterial baroreflex system {#Sec5}
------------------------------------------------------

The arterial baroreflex system serves as a key link between the autonomic nervous system and the cardiovascular system. The sympathetic limb of the arterial baroreflex system may be divided into two principal subsystems \[[@CR17]\]. One is the "neural arc" subsystem, which determines sympathetic nerve activity (SNA) in response to a baroreceptor pressure input. The other is the "peripheral arc" subsystem, which determines AP as a result of the cardiovascular response to SNA. A cascade combination of the neural and peripheral arcs, which is referred to hereafter in this article as "total reflex arc," determines the AP output in response to the baroreceptor pressure input. From the viewpoint of control theory, the neural arc acts as a controller and the peripheral arc as a plant (or a controlled element) in a negative feedback system. Under normal physiological conditions, changes in AP affect SNA through the neural arc, whereas changes in SNA, in turn, affect AP through the peripheral arc. This closed-loop negative feedback operation gives rise to a chicken-and-egg problem between SNA and AP. An observational study where SNA and AP are measured under baroreflex closed-loop conditions does not usually allow separate identification of the input--output relationships of the neural and peripheral arcs.

Carotid sinus isolation {#Sec6}
-----------------------

When baroreceptor regions are vascularly isolated from the systemic circulation, changes in AP no longer affect the baroreceptor input pressure, i.e., the baroreflex negative feedback loop is opened. Following a study by Moissejeff \[[@CR18]\], carotid sinus isolation may be the most widely used method for opening the baroreflex negative feedback loop. The internal, external, and common carotid arteries are occluded, and the pressure in the carotid sinus region is externally controlled. The Moissejeff procedure and its modifications have been used for studies in anesthetized dogs \[[@CR19]--[@CR23]\], rabbits \[[@CR17], [@CR24]--[@CR27]\], and rats \[[@CR28]--[@CR31]\]. A reversible isolation is also possible, which has been reported for studies under conscious conditions in dogs \[[@CR32]--[@CR35]\] and rats \[[@CR36]\].

By using the carotid sinus isolation procedure, open-loop characteristics of the neural and peripheral arcs can be examined over an entire input pressure range and also over a wide frequency range of physiological interest. A major disadvantage of the carotid sinus isolation is that it cannot be applied in human studies. Another disadvantage is that the aortic depressor and vagal nerves need to be sectioned to avoid confounding reflex effects from the aortic arch and cardiopulmonary regions. As a result, the contribution of the vagal limb to the baroreflex-mediated AP control cannot be evaluated. Regarding this limitation, studies examining the effects of afferent \[[@CR37]\] or efferent \[[@CR38]\] vagal nerve stimulation on the open-loop characteristics of the carotid sinus baroreflex may provide clues to understand the role of the vagal limb in the baroreflex-mediated AP control.

Aortic baroreceptor isolation {#Sec7}
-----------------------------

While a bypass operation on the aortic arch is required to isolate the receptor areas of the aortic depressor nerves bilaterally \[[@CR39]\], the receptor area of the right aortic depressor nerve can be isolated around the bifurcation of the brachiocephalic artery into the right common carotid and subclavian arteries without the bypass operation \[[@CR30], [@CR40], [@CR41]\]. To establish open-loop conditions for the aortic baroreflex, the carotid sinus and vagal nerves may need to be sectioned. The necessity of vagotomy is a common drawback in the carotid sinus and brachiocephalic isolation procedures.

The aortic depressor nerve is, in most occasions, separable from the vagal and cervical sympathetic nerves as a thin bundle in rabbits and rats. This anatomical feature enables manipulation of the aortic depressor nerve. For instance, periaxonal application of a pharmacological agent can be used to block the conduction of unmyelinated C-fibers in the aortic depressor nerve \[[@CR42]\]. Another merit of the brachiocephalic isolation is that the aortic depressor nerve chiefly consists of baroreceptor afferent fibers, and baroreflex responses can be observed with minimal contamination by chemoreflex responses \[[@CR43]\]. A demerit of the brachiocephalic isolation is that the reflex response is smaller than that can be obtained by using the bilateral carotid sinus isolation procedure.

Pharmacological arterial pressure perturbation {#Sec8}
----------------------------------------------

A pharmacological AP perturbation, such as that using intravenous phenylephrine and sodium nitroprusside administrations, is widely used to assess arterial baroreflex function. This method does not require baroreceptor isolation and can be applied in human studies. Nevertheless, it cannot replace open-loop analysis using baroreceptor isolation because of the following reasons. First, the arterial baroreflex-mediated AP response cannot be measured independently of the test drug-induced AP change. Hence, it is impossible to evaluate the arterial baroreflex control of AP. Second, vasoactive test drugs can modify the mechanical properties of the arterial wall around the baroreceptors, and the observed response may not be the same as that induced by a pure pressure input \[[@CR44]\]. Third, it is difficult to precisely control the range and ramp speed of the AP perturbation, which can cause an estimation error of arterial baroreflex function. A rapid AP change can augment the SNA response due to the dynamic characteristics of the baroreflex neural arc \[[@CR45]\].

Neck suction {#Sec9}
------------

Neck suction is a method of applying negative pressure around the neck to elicit responses from the carotid sinus baroreflex \[[@CR46]\]. Although this method offers a unique opportunity to observe the baroreflex-mediated AP response in humans, it has its own limitations. First, transmural pressure at the carotid sinus region is not exactly assessed due to the presence of tissues between the skin and the carotid sinus. Although Ludbrook et al. \[[@CR47]\] measured tissue pressure near the carotid sinus region invasively, such a measurement may not be routinely feasible. Second, the transmural pressure changes with AP even if the applied negative pressure is constant, which needs to be taken into account during the assessment of arterial baroreflex function. Third, the aortic baroreflex can counteract the carotid sinus baroreflex and attenuate the AP response \[[@CR48]\]. To avoid influences from reflexes other than the carotid sinus baroreflex, an assessment of the initial HR response before any counteraction takes place has been previously proposed. However, the initial HR response may not fully reflect the sympathetic control of HR because the sympathetic control of HR is slower than the vagal control of HR \[[@CR49], [@CR50]\]. Likewise, the baroreflex-mediated sympathetic control of AP may not reach steady state within a time frame of the initial HR response. As a result, neck suction also does not allow an accurate assessment of the ability of the arterial baroreflex to regulate AP.

Mild and quick hemorrhage {#Sec10}
-------------------------

Hosomi \[[@CR51]\] developed a method of mild and quick hemorrhage to estimate open-loop gain, *G*, under baroreflex closed-loop conditions. The idea stems from the fact that an external disturbance, *D*, imposed on a negative feedback system will eventually be attenuated to *D*' = *D*/(1 + *G*) when the system is stable. The size of *D* is assessed from the AP drop immediately after hemorrhage and before the negative feedback buffering begins to occur. The size of *D*' is assessed from the steady-state AP fall. A potential weakness of this method is that accurate assessments of *D* and *D*' are not so easy due to the development of a pressure gradient across the circulatory system during the quick hemorrhage. AP restoration after the hemorrhage may be partly attributable to redistribution of blood. As an alternative method, *D* is assessed from the steady-state AP fall induced by an identical hemorrhage after all reflex systems are disabled by denervation \[[@CR52]\]. However, disabling reflex systems can change the baseline level of AP and introduce further estimation error because baroreflex gain depends on the operating point due to the nonlinearity of the system.

Pressure pulse {#Sec11}
--------------

Suga and Ohsima \[[@CR53]\] reported another closed-loop identification method using a pressure pulse to estimate the transfer function of the carotid sinus baroreflex. The pressure pulse was added from a side arm of a T-shaped tube inserted in the middle of the common carotid artery. The pressure pulse was approximated by a Dirac delta function, and the AP response was assumed to be a damped sine wave function. The transfer function of the carotid sinus baroreflex was estimated by using the Laplace transform. While it was not mentioned, the aortic baroreflex, if not disabled, can counteract the carotid sinus baroreflex and modify the estimated transfer function. Note that an ideal impulse input, which has the infinite amplitude only at time zero with unity integral over time, is unrealizable. The deviation of the pressure pulse from the ideal impulse input could cause an estimation error of the transfer function unless the pressure pulse is treated otherwise. Another weakness of the pressure pulse method is that it may be susceptible to measurement noises such as unintentional AP variations frequently encountered in physiological experiments.

Static characteristics of arterial baroreflex system {#Sec12}
====================================================

Estimation of static characteristics {#Sec13}
------------------------------------

There may be no true steady state in biological systems in the sense that all living organisms are born, grow, and die. For convenience reasons, however, the response of a given system is assumed to reach steady state when time-dependent changes of the response become reasonably small. When a constant input pressure is imposed on the arterial baroreceptors, reflex changes occur in SNA and AP, and after a certain amount of time, the responses will settle at a new steady state. Static characteristics describe a set of steady-state responses measured over a wide input range of baroreceptor pressure. On the other hand, dynamic characteristics quantify transient responses, i.e., the time courses of how SNA and AP reach their steady-state responses.

To estimate the static characteristics of the arterial baroreflex over an entire input range an open-loop analysis is required. In a typical protocol, carotid sinus pressure (CSP) is changed in a staircase-wise manner. The non-pulsatile nature of the staircase-wise input is sometimes criticized as unphysiological because the pulsatility of input pressures affects baroreflex function \[[@CR54], [@CR55]\]. Not controlling the pulsatility, however, such as in the case with the pharmacological AP perturbation, could be more problematic than the absence of pulsatility when comparing arterial baroreflex function between different conditions. If the amplitude and frequency of input pulsatility are different between conditions, it may be difficult to determine whether the observed difference is attributable to the change in the input pulsatility or an actual difference in baroreflex function.

The input--output relationship of the total reflex arc approximates an inverse sigmoid curve, therefore the input pressure range needs to be determined so that threshold and saturation can be observed. For instance, CSP is changed from 50 to 200 mmHg in increments of 25 mmHg \[[@CR19], [@CR20]\] or from 25 to 300 mmHg in increments of 25 mmHg \[[@CR21]\] in studies on dogs. CSP is changed from 40 to 140 mmHg in increments of 10 mmHg \[[@CR24]\] or from 40 to 160 mmHg in increments of 20 mmHg \[[@CR56]\] in studies on rabbits. CSP is changed from 80 to 160 mmHg in increments of 10 mmHg and back from 160 to 80 mmHg in decrements of 10 mmHg \[[@CR3]\] or from 60 to 180 mmHg in increments of 20 mmHg \[[@CR31], [@CR38]\] in rats because the operating range of the arterial baroreflex is slightly higher than in rabbits.

To allow the AP response to reach a new steady state, each CSP level of the staircase-wise input needs to be held for a sufficient amount of time. The step duration is somewhat empirically determined by investigators' expertise. In dogs, the step duration varies among studies, e.g., 15 s \[[@CR57]\], 20 s \[[@CR21]\], 90 s \[[@CR20]\], and 60--120 s \[[@CR19]\]. A step duration of 15 s might be a little short in dogs because data may need to be averaged for 5--10 s to obtain a steady-state response. In rabbits, 60-s step duration \[[@CR56]\] may be sufficiently long to obtain the steady-state response \[[@CR17]\]. In rats, the step duration has ranged from 20 \[[@CR37]\] to 60 s \[[@CR3], [@CR31], [@CR38]\]. In fact, a 20-s step duration provides an estimation of the open-loop static characteristics of the carotid sinus baroreflex that is comparable to a 60-s step duration in rats \[[@CR58]\].

Static characteristics of the total reflex arc {#Sec14}
----------------------------------------------

Static characteristics of the total reflex arc, determined as the steady-state input--output relationship between CSP and AP, approximate an inverse sigmoid curve and can be quantified by a four-parameter logistic function as follows \[[@CR59]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$y = \frac{{P_{1} }}{{1 + {\text {exp}}[P_{2} (x - P_{3} )]}} + P_{4}$$\end{document}$$where *x* and *y* indicate the input and output, respectively; *P*~1~ is the response range or the difference between the maximum and minimum values of *y*; *P*~2~ is the slope coefficient; *P*~3~ is the midpoint of the sigmoid curve on the *x* axis; and *P*~4~ is the minimum value of *y*.

The first derivative of the four-parameter logistic function provides a gain curve function as follows:$$\documentclass[12pt]{minimal}
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This gain curve function gives the (negative) maximum gain of −*P*~1~*P*~2~/4 at *x* = *P*~3~. Considering the negative feedback operation of the arterial baroreflex system, the negative sign is usually omitted in describing the gain values. The threshold and saturation points on the *x* axis are calculated as follows:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x = P_{3} \pm \frac{k}{{P_{2} }}$$\end{document}$$

The width of the input range, i.e., the difference between the saturation and threshold points on the *x* axis, is given by 2*k*/*P*~2~. Kent et al. \[[@CR59]\] suggested using *k* = 1.317, but this value has been argued to be too small to represent the threshold and saturation points by other investigators. If 95 % and 5 % of the response range on the *y* axis are first specified to calculate the threshold and saturation points on the *x* axis, respectively, *k* becomes 2.944 \[[@CR60]\].

Shown in Fig. [1](#Fig1){ref-type="fig"}a is an example of the static characteristics of the total reflex arc estimated in Sprague--Dawley rats in our laboratory (*n* = 12, mean ± SE). The smooth curve indicates the four-parameter logistic function fitted to the 7 mean data points. The parameters are *P*~1~ = 74.4 mmHg, *P*~2~ = 0.091 mmHg^−1^, *P*~3~ = 127.7 mmHg, and *P*~4~ = 65.1 mmHg, with *r*^2^ of 0.999 between measured and fitted values. Figure [1](#Fig1){ref-type="fig"}b represents the gain curve function derived from the fitted logistic function. The maximum gain is calculated to be 1.70.Fig. 1Example of static characteristics of the total reflex arc from carotid sinus pressure (*CSP*) to arterial pressure (*AP*) obtained in Sprague--Dawley rats. **a** Quantification using a four-parameter logistic function. **b** Gain curve obtained from the first derivative of the fitted logistic function. **c** Quantification using an integral of a bell-shaped gain curve function. **d** Bell-shaped gain curve function corresponding to panel **c**. *P* ~1~ response range, *P* ~2~ slope coefficient, *P* ~3~ midpoint input pressure, *P* ~4~ minimum response. *G* ~max~ maximum gain, *σ* standard deviation, *μ* midpoint input pressure, *y* ~0~ minimum response. In panels **a** and **c**, data points represent mean ± SE values (*n* = 12)

To describe the possible asymmetry of the measured CSP--AP curve, a fifth parameter may be added to the four-parameter logistic function \[[@CR35], [@CR61]\]. However, the addition of the fifth parameter makes the interpretation of each parameter more difficult (e.g., the input pressure that gives the steepest point of the sigmoid curve is no longer determined by *P*~3~ alone). The four-parameter logistic function may be a practical compromise between the degrees of freedom for fitting and ease of interpretation of estimated parameters.

Another way to quantify the baroreflex static characteristics is to use a bell-shaped gain curve function similar to a normal distribution curve as follows \[[@CR1], [@CR24], [@CR62]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$g = G_{{\text {max}}} \text{exp}\left[ { - \frac{{(x - \mu )^{2} }}{{2\sigma^{2} }}} \right]$$\end{document}$$where *x* and *g* indicate the input and gain values, respectively; *G*~max~ is the maximum gain; *µ* is the midpoint on the *x* axis; and *σ* is the value corresponding to a standard deviation of the normal distribution curve. Integrating the bell-shaped gain curve function from −∞ to *x* yields a sigmoidal input--output curve. Unfortunately, the solution cannot be expressed by a set of elementary functions. If the cumulative distribution function of a normal distribution, normdist(*x*), is computationally available, the following equation may be used to estimate the parameters by directly fitting the function to the measured input--output data:$$\documentclass[12pt]{minimal}
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In Fig. [1](#Fig1){ref-type="fig"}c, the smooth curve represents the integral of the bell-shaped gain curve function fitted to the same 7 mean data points as Fig. [1](#Fig1){ref-type="fig"}a. The parameters are *G*~max~ = 1.63, *σ* = 17.9 mmHg, *µ* = 127.6 mmHg, and *y*~0~ = 65.9 mmHg, with *r*^2^ of 0.999 between measured and fitted values. The response range is calculated to be 73.2 mmHg. Shown in Fig. [1](#Fig1){ref-type="fig"}d is the corresponding bell-shaped gain curve function.

Although the four-parameter logistic function and the integral of the bell-shaped gain curve function do not match exactly, the *r*^2^ value between the measured and fitted values is close to unity for both representations. Considering the limited number of data points and the presence of measurement errors in physiological experiments, both representations may be a reasonable approximation of the open-loop static characteristics of baroreflex function \[[@CR63]\].

Static characteristics of the neural arc {#Sec15}
----------------------------------------

Static characteristics of the neural arc, determined as the steady-state input--output relationship between CSP and SNA, can also be quantified using the four-parameter logistic function (Eq. [1](#Equ1){ref-type=""}) or the integral of the bell-shaped gain curve function (Eq. [5](#Equ5){ref-type=""}). A potential issue in describing the neural arc is the quantification of SNA. Although multifiber SNA is recorded in μV units, the absolute amplitude of SNA can vary considerably among animals depending on recording conditions such as the physical contact between the nerve and electrodes. One way to express SNA is to assign minimum and maximum SNA values during the staircase-wise CSP input to 0 and 100 %, respectively \[[@CR3], [@CR64], [@CR65]\]. For the definition of 0 %, the noise level of SNA recorded after the intravenous administration of a ganglionic blocker hexamethonium bromide can also be used when SNA has been recorded from a postganglionic sympathetic nerve \[[@CR31], [@CR38]\]. In the hexamethonium method, the minimum SNA represents the magnitude of baroreflex-independent SNA. For the definition of 100 %, the baseline SNA at the closed-loop operating point can also be used \[[@CR66]\]. The normalization of SNA helps compare SNA before and after a given intervention in an acute experimental setting. The comparison of SNA among different groups of animals is still a matter of concern because the normalization procedure can mask potential differences in the absolute SNA \[[@CR67]--[@CR69]\].

Shown in Fig. [2](#Fig2){ref-type="fig"}a is an example of the static characteristics of the neural arc estimated from the same rats as in Fig. [1](#Fig1){ref-type="fig"}. SNA is normalized such that the SNA at the CSP level of 60 mmHg becomes 100 % and the noise level measured after the ganglionic blockade becomes 0 % in each rat. The smooth curve indicates the four-parameter logistic function fitted to the 7 mean data points. The parameters are *P*~1~ = 64.6 %, *P*~2~ = 0.085 mmHg^−1^, *P*~3~ = 132.1 mmHg, and *P*~4~ = 35.2 %, with *r*^2^ of 0.999 between measured and fitted values.Fig. 2**a** Example of static characteristics of the neural arc from carotid sinus pressure (*CSP*) to sympathetic nerve activity (*SNA*). The *smooth curve* indicates a four-parameter logistic function fitted to the mean data points. **b** Example of static characteristics of the peripheral arc from *SNA* to arterial pressure (*AP*). The *straight line* indicates a regression line over the mean data points. **c** Baroreflex equilibrium diagram drawn from the fitted neural arc and peripheral arc. The intersection between the two arcs yields an operating point, which is the point of operation when the baroreflex negative feedback is closed. In panels **a** and **b**, data are mean ± SE values (*n* = 12) derived from the same Sprague--Dawley rats as in Fig. [1](#Fig1){ref-type="fig"}

Static characteristics of the peripheral arc {#Sec16}
--------------------------------------------

Static characteristics of the peripheral arc, determined as the steady-state input--output relationship between SNA and AP, can be described using a four-parameter logistic function \[[@CR3], [@CR66]\]. However, because the peripheral arc is approximately linear in the range of normal baroreflex control \[[@CR31], [@CR38]\], it can also be quantified using a regression line as follows:$$\documentclass[12pt]{minimal}
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Shown in Fig. [2](#Fig2){ref-type="fig"}b is an example of the static characteristics of the peripheral arc estimated from the same rats as Fig. [1](#Fig1){ref-type="fig"}. The oblique line illustrates the regression line fitted to the 7 mean data points. The parameters are *b*~0~ = 20.0 mmHg and *b*~1~ = 1.18 %/mmHg, with *r*^2^ of 0.994.

Baroreflex equilibrium diagram and operating point {#Sec17}
--------------------------------------------------

An operating point is a point that AP settles at under baroreflex closed-loop conditions. The intersection between the CSP--AP curve and the line of identity gives the operating point \[[@CR1]\], because CSP is the same as AP when the baroreflex negative feedback loop is closed. (Strictly speaking, pressure waveforms may be different between CSP and AP and hydrostatic pressure may develop depending on posture. These effects, however, are ignored here to simplify the discussion on the operating principle of the arterial baroreflex system.) The operating point is sometimes regarded as a set point as if it is a predefined target level of the AP control. In reality, however, the operating point may be determined from an interaction between the autonomic nervous system and the cardiovascular system as discussed below.

When open-loop static characteristics are identified for both the neural and peripheral arcs, the two can be plotted on a pressure--SNA plane as shown in Fig. [2](#Fig2){ref-type="fig"}c. The intersection between the two arcs provides the closed-loop operating point. The concept of "baroreflex equilibrium diagram" or "baroreflex balance diagram" is found in a book entitled Cardiovascular Physiology written by Mohrman and Heller \[[@CR2]\]. A study by Sato et al. \[[@CR3]\] may have been the first to experimentally validate the utility of the baroreflex equilibrium diagram in anesthetized rats. In that study, hemorrhage did not significantly affect the neural arc but changed the peripheral arc, which explains an increase in SNA and a decrease in AP during hemorrhage. Furthermore, the operating-point SNA and AP predicted from the baroreflex equilibrium diagram were close to those actually measured under baroreflex closed-loop conditions. The utility of the baroreflex equilibrium diagram under a variety of pathophysiological conditions is further reviewed in the section entitled "Effects of various interventions on open-loop baroreflex characteristics."

When the neural and peripheral arcs are modeled by a four-parameter logistic function and a regression line, respectively, the operating point (an intersection of the two arcs) is determined computationally by using a binary search algorithm. A product of the tangential slope of the neural arc and the slope of the peripheral arc at the operating point gives the total reflex gain at the operating point \[[@CR70]\].

Static characteristics of baroreceptor transduction and central processing {#Sec18}
--------------------------------------------------------------------------

The neural arc can be further divided into a subsystem of baroreceptor transduction and a subsystem of central processing from baroreceptor afferent nerve activity to efferent SNA. The characteristics of the mechano--neural transduction from pressure input to afferent nerve activity can be quantified using the four-parameter logistic function (Eq. [1](#Equ1){ref-type=""}) for both the carotid sinus \[[@CR71], [@CR72]\] and aortic baroreceptors \[[@CR41]\]. The slope coefficient, *P*~2~, is calculated to be a negative value because afferent nerve activity increases as the input pressure increases.

With respect to the carotid sinus baroreflex in rabbits, the midpoint pressure, *P*~3~, is lower (89.9 ± 3.4 mmHg \[[@CR72]\] vs. 114.6 ± 11.9 mmHg \[[@CR73]\]) and the absolute value of *P*~2~ is smaller (0.072 ± 0.010 mmHg^−1^ \[[@CR72]\] vs. 0.110 ± 0.028 mmHg^−1^ \[[@CR73]\]) in the baroreceptor transduction than in the neural arc. Similarly, with respect to the aortic baroreflex in rats, *P*~3~ is lower (118 ± 4 mmHg \[[@CR41]\] vs. 129.1 ± 4.5 mmHg \[[@CR42]\]) and the absolute value of *P*~2~ is smaller (0.088 ± 0.009 mmHg^−1^ \[[@CR41]\] vs. 0.146 ± 0.016 mmHg^−1^ \[[@CR42]\]) in the baroreceptor transduction than in the neural arc. These results indicate the presence of significant nonlinearity in the central processing from baroreceptor afferent nerve activity to efferent SNA.

The relationship between electrical stimulation of the carotid sinus nerve and renal SNA reveals an intensity-dependent suppression with saturation nonlinearity at high intensities in dogs \[[@CR21]\]. Interestingly, in a study by Hosokawa et al. \[[@CR74]\], a bionic baroreceptor system reproduced the sigmoidal AP response to pressure input to a reasonable extent in anesthetized rats. An offset pressure to activate the bionic baroreceptor system was introduced but otherwise the system operated linearly. Therefore, the saturation of the AP response might have been attributable to the nonlinear relationship between the baroreceptor stimulation and AP. These results suggest that the mechano--neural transduction at the arterial baroreceptors alone does not determine the overall sigmoidal nonlinearity of the arterial baroreflex.

Dynamic characteristics of the arterial baroreflex system {#Sec19}
=========================================================

Estimation of dynamic characteristics {#Sec20}
-------------------------------------

### Experimental protocol {#Sec21}

To estimate dynamic characteristics of the arterial baroreflex, a transfer function analysis using a white noise input has been employed. White noise is rich in frequency components and is efficient for estimating dynamic characteristics of a biological system from a limited length of data. The theoretical background of transfer function analysis can be found in detail in a book written by Bendat and Piersol \[[@CR5]\]. Another book written by Marmaleris and Marmaleris \[[@CR4]\] covers a wide variety of topics about the application of white noise analysis to physiological systems. The following paragraphs focus on the practical application of white noise analysis to the arterial baroreflex system including experimental protocols.

When imposing a white noise input to CSP, the mean level is set near the operating-point AP, which can be determined in each animal by measuring AP in advance of isolating the carotid sinus regions \[[@CR75]\] or by adjusting CSP to AP via a servo-controlled piston pump system \[[@CR45], [@CR56], [@CR73], [@CR76]\]. A fixed value may also be used based on the operating-point AP estimated from the open-loop static characteristics of the carotid sinus baroreflex. Using a fixed value is preferable when comparing dynamic characteristics between different groups because a possible effect of a difference in the operating point can be excluded. For instance, a mean of 120 mmHg was used to compare the dynamic characteristics between normal rats and rats with chronic heart failure \[[@CR67]\].

The amplitude of the white noise input is selected to obtain SNA and AP responses large enough to estimate the transfer function. If the input amplitude is too small, estimation of the transfer function becomes inaccurate due to a low signal-to-noise ratio in the output measurement. Two types of white noise signals are mainly used: binary white noise and Gaussian white noise. Binary white noise alternates between two values. For example, CSP values of 10 \[[@CR45]\] or 20 mmHg \[[@CR56], [@CR73], [@CR75], [@CR76]\] above and below the mean pressure have been used. It should be noted that the input amplitude of the binary white noise can affect the shape of the estimated transfer function \[[@CR77]\]. Gaussian white noise has values with normal distribution around the mean. A Gaussian white noise signal with a mean of 120 mmHg and a standard deviation of 20 mmHg has been used to cover the input range of the carotid sinus baroreflex in normotensive rats \[[@CR67]\]. Gaussian white noise has an advantage over binary white noise in that the nonlinearity of a system does not affect the estimation of the linear transfer function except for a factor of proportionality if the system is described by a class of finite memory nonlinear systems \[[@CR67], [@CR78]\]. It also allows the extension of the analysis toward higher-order nonlinear dynamics of the system \[[@CR4]\].

The switching interval of the white noise is selected to cover the upper bound of the frequency range of physiological interest. When the switching interval is set to 0.5 s (2 Hz), the input power spectral density is relatively flat up to 0.5 Hz, decreases to approximately 50 % at 1 Hz and approximately 10 % at 1.5 Hz, and diminishes as the frequency approaches 2 Hz \[[@CR73]\]. A switching interval of 0.5 s may be sufficiently short to estimate the transfer function in rabbits because of the low-pass characteristics of the total reflex arc \[[@CR17]\]. In rats, the switching interval may be shortened to 0.4 s in order to identify the transfer function up to slightly higher frequencies \[[@CR45]\]. When the dynamic characteristics of the neural arc in the higher frequency range are of particular interest, the switching interval can be reduced to 0.05 s (20 Hz) \[[@CR79]\].

The required data length is related to a segment length (*T*~s~) and the number of segments (*N*~s~) in the data analysis described in the next section. If the segments are taken in a half-overlapping manner, the minimum data length is *T*~s~(*N*~s~ + 1)/2. Some additional length is needed, however, because data from initial few minutes after the initiation of the white noise input may need to be discarded to analyze only the stationary portion of the recorded data. *N*~s~ is typically selected to be between 8 and 12 for a stable estimation of the transfer function. The reciprocal of *T*~s~ gives the lower frequency bound (the fundamental frequency or the frequency resolution) of the Fourier analysis. *T*~s~ is typically set at 102.4 s \[[@CR17], [@CR45], [@CR73]\], which corresponds to the lower frequency bound of 1/*T*~s~ = 0.0098 Hz. When *T*~s~ is properly selected, the estimated transfer function does not show significant frequency-dependent changes of the dynamic gain near the lower frequency bound. In addition, the phase value approaches either zero or −π radians at the lowest frequency, depending on whether the input--output relationship is positive or negative. If these conditions are not met, *T*~s~ may need to be prolonged together with an extension of the total data length.

### Data analysis {#Sec22}

In a typical data analysis, the input--output data pairs are resampled at 10 Hz, and divided into half-overlapping segments of 1024 points each. In each segment, a linear trend is removed and a Hanning window is applied. Thereafter, the frequency spectra of input, *X*(*f*), and output, *Y*(*f*), are calculated via the fast Fourier transform. In the discrete Fourier transform, *f* represents a zero-based index of the frequency, and the actual frequency is given by *f*/*Ts* (in Hz). Ensemble averages of the input power spectra, *S*~*XX*~(*f*), the output power spectra, *S*~*YY*~(*f*), and the cross spectra between the input and output, *S*~*YX*~(*f*), are calculated over the *N*~s~ segments. Finally, the transfer function from the input to output is estimated from the following equation \[[@CR4], [@CR5]\]:$$\documentclass[12pt]{minimal}
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As the equation indicates, a sufficient input power is needed over the frequency of interest for the stable estimation of *H*(*f*) because the lack of input power causes division by a small number at the corresponding frequencies. The white noise input fulfills the requirement for the sufficient input power over a wide frequency range. The transfer function is a complex-valued function and can be expressed by its modulus (gain) and phase at each frequency. The magnitude-squared coherence function is calculated as follows \[[@CR4], [@CR5]\]:$$\documentclass[12pt]{minimal}
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The coherence function ranges from zero to unity, and represents the power ratio of the linearly predicted output to the measured output. The coherence decreases from unity when the output contains noise contamination, nonlinear system responses, or both.

After the transfer function in the frequency domain is identified, an impulse response of the system in the time domain, *h*(*τ*), can be obtained via the inverse Fourier transform. The system response to an arbitrary input is then calculated from a convolution as follows:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$y(t) = \int_{{ - T_{s} /2}}^{{T_{s} /2}} {h(\tau )x(t - \tau ){\text{d}}\tau }$$\end{document}$$

For a causal system, *h*(*τ*) is supposed to be zero for *τ* \< 0. As a special case of Eq. [9](#Equ9){ref-type=""}, a step response of the system, *s*(*t*), is derived from a time integral of the impulse response as follows:$$\documentclass[12pt]{minimal}
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Why should we bother to calculate the step response via the transfer function analysis? If the system is purely linear and the step response is measured under noiseless conditions, the measured step response will be the same as the step response derived from the transfer function. In the case of experiments in physiological systems, to a certain extent, the system will usually exhibit nonlinear responses. Furthermore, the output is contaminated with measurement noise and physiological variations unrelated to the input. Under these conditions, white noise analysis yields a robust estimation of the linear dynamics of the system \[[@CR4]\]. A slightly extended discussion of this topic is given in the section entitled "Closed-loop identification of open-loop dynamic characteristics."

### Bode plot {#Sec23}

The estimated dynamic transfer function may be expressed in the form of a Bode plot, which is comprised of gain and phase plots. The gain plot is a log--log plot where the logarithms of dynamic gain values are displayed against the logarithms of frequencies. The phase plot is a semi-log plot where phase values are displayed against the logarithms of frequencies.

The slope of the dynamic gain, in a certain frequency range, is sometimes used to describe the system dynamic characteristics. Several units are available to express the frequency-dependent changes in the dynamic gain. The terms "octave" and "decade" denote a twofold and a tenfold change in the frequency, respectively. A change in the dynamic gain value can be expressed in units of dB (decibel) using the following equation:$$\documentclass[12pt]{minimal}
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                \begin{document}$$V_{\text{dB}} = 20{ \log }_{10} \left( {\frac{{G_{f2} }}{{G_{f1} }}} \right)$$\end{document}$$where *V*~dB~ is a value in dB units; and *G*~*f*1~ and *G*~*f*2~ denote dynamic gain values at two different frequencies, respectively. For instance, if the dynamic gain increases from 1 to 10 as the frequency increases tenfold, the slope of dynamic gain is 20 dB/decade. A conversion factor from dB/decade into dB/octave can be obtained by solving 2^*x*^ = 10, which gives *x* = 3.322. Hence the slope of 20 dB/decade equals to 20/3.322 = 6.0 dB/octave.

Dynamic characteristics of the neural arc {#Sec24}
-----------------------------------------

In a study by Ikeda et al. \[[@CR17]\], the neural arc transfer function from CSP to SNA reveals high-pass or derivative characteristics in rabbits, which means that the dynamic gain of the neural arc increases as the input modulation frequency increases. The derivative characteristics are observed in the frequency range above approximately 0.1 Hz. Instead of enumerating the gain and phase values for all frequencies, the following mathematical model can be used to describe the estimated neural arc transfer function:$$\documentclass[12pt]{minimal}
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                \begin{document}$$H_{N} (f) = - K\left( {1 + \frac{f}{{f_{\text{C}} }}j} \right)\exp ( - 2\pi \,f\,Lj)$$\end{document}$$where *f* and *j* represent the frequency (in Hz) and the imaginary units, respectively; and *K*, *f*~*C*~, and *L* represent the steady-state gain, corner frequency (in Hz), and pure delay (in s), respectively. The negative sign for *K* indicates a signal inversion through the neural arc, i.e., an increase in CSP decreases SNA at steady state. The transfer function value reaches −*K* (i.e., the dynamic gain of *K* and phase of --*π* radians) as the frequency approaches zero. On the other hand, the dynamic gain increases as the frequency increases beyond *f*~C~. A tenfold increase in the frequency results in a tenfold increase in the dynamic gain when *f* ≫ *f*~C~, i.e., the slope of dynamic gain is asymptotically 20 dB/decade.

In the above study by Ikeda et al. \[[@CR17]\], the physiological significance of the derivative characteristics of the neural arc was examined using a numerical simulation. An advantage of the numerical simulation over an animal experiment is that it is possible to hypothetically alter key parameters of the system, even beyond their normal physiological ranges, and to examine what the results would become. Based on a simulation that removes or enhances the derivative characteristics, the neural arc was shown to compensate for the slow peripheral arc to accelerate the baroreflex control of AP \[[@CR17]\].

If the derivative characteristics of the neural arc continue in the frequency range higher than 1 Hz, pulsatile pressure occurring at frequencies 3--5 Hz (180--300 beats/min) could saturate the central processing in rabbits. However, the saturation is avoided by virtue of the presence of high-cut characteristics in the frequency range above approximately 0.8 Hz \[[@CR79]\]. To describe the high-cut characteristics of the neural arc, the following mathematical model can be used:$$\documentclass[12pt]{minimal}
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                \begin{document}$$H_{N} (f) = \frac{{ - K\left( {1 + \frac{f}{{f_{\text{C1}} }}j} \right)}}{{\left( {1 + \frac{f}{{f_{\text{C2}} }}j} \right)^{2} }}\exp ( - 2\pi \,f\,Lj)$$\end{document}$$where *K*, *f*~C1~, *f*~C2~, and *L* represent the steady-state gain, corner frequency relating to the derivative characteristics (in Hz), corner frequency relating to the high-cut characteristics (in Hz), and pure delay (in s), respectively. The dynamic gain increases in the frequency range above *f*~C1~ and decreases in the frequency range above *f*~C2~, assuming *f*~C1~ \< *f*~C2~.

Figure [3](#Fig3){ref-type="fig"}a depicts an example of the neural arc transfer function estimated by using a Gaussian white noise input with a mean of 120 mmHg and a standard deviation of 20 mmHg from Sprague--Dawley rats in our laboratory (*n* = 12, mean ± SE, thin gray lines). The dynamic gain is normalized so that the average gain value below 0.03 Hz becomes unity in each animal. In the gain and phase plots, the dotted line indicates the mathematical model (Eq. [13](#Equ13){ref-type=""}) fitted to the mean of the estimated transfer function in the frequency range up to 1.5 Hz. The parameters of the model are *K* = 0.96, *f*~C1~ = 0.12, *f*~C2~ = 1.01, and *L* = 0.09.Fig. 3Example of dynamic characteristics of the neural arc (**a**), peripheral arc (**b**), and total reflex arc (**c**) obtained in Sprague--Dawley rats. From *top to bottom*, the gain plot, phase plot, and coherence (Coh) plot are shown. The *gray lines* indicate estimated transfer functions shown up to 1.5 Hz (mean ± SE, *n* = 12). *Dotted curves* indicate mathematical models fitted to the mean of the transfer functions. The*vertical dotted lines* indicate the maximum frequency of fitting (1.5 Hz in the neural arc, and 0.8 Hz in the peripheral arc and total reflex arc). In the peripheral arc and total reflex arc transfer functions, a sharp peak is noted at 1.33 H, which is an artifact caused by mechanical ventilation (*asterisk*)

Dynamic characteristics of peripheral arc {#Sec25}
-----------------------------------------

The peripheral arc transfer function from SNA to AP shows low-pass characteristics, which means that the dynamic gain decreases with increasing frequency. The peripheral arc transfer function can be modeled by a second-order low-pass filter with pure delay as follows \[[@CR17], [@CR80]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$H_{P} (f) = \frac{K}{{1 + 2\zeta \frac{f}{{f_{N} }}j + \left( {\frac{f}{{f_{N} }}j} \right)^{2} }}\exp ( - 2\pi \,f\,Lj)$$\end{document}$$where *K*, *f*~*N*~, *ζ*, and *L* represent the steady-state gain, natural frequency (in Hz), damping ratio (unitless), and pure delay (in s), respectively. The transfer function value reaches *K* (i.e., the dynamic gain of *K* and phase of zero radians) as the frequency approaches zero. The slope of dynamic gain in the frequency range above *f*~*N*~ asymptotically becomes −40 dB/decade. This model has also been used to describe the transfer function relating the sympathetic control of HR \[[@CR50], [@CR80]--[@CR82]\] and the transfer function from electrical stimulation of the RVLM to AP \[[@CR83]\].

In Fig. [3](#Fig3){ref-type="fig"}b, the thin gray lines indicate an example of the peripheral arc transfer function estimated from the same rats as in Fig. [3](#Fig3){ref-type="fig"}a. The dynamic gain of the peripheral arc is normalized by a reciprocal of the factor used for the neural arc in each animal so that the dynamic gain of the product of the neural and peripheral arcs is kept unchanged. A sharp peak at 1.33 Hz is an artifact caused by mechanical ventilation (80 cycles/min). In the gain and phase plots, the dotted line indicates the mathematical model (Eq. [14](#Equ14){ref-type=""}) fitted to the mean of the estimated transfer function in the frequency range up to 0.8 Hz. The parameters of the model are *K* = 0.67, *f*~*N*~ = 0.088, *ζ* = 1.36, and *L* = 0.53.

Dynamic characteristics of the total reflex arc {#Sec26}
-----------------------------------------------

Mathematically, a product of the model transfer functions of the neural arc (Eq. [13](#Equ13){ref-type=""}) and peripheral arc (Eq. [14](#Equ14){ref-type=""}) should provide a model transfer function of the total reflex arc, *H*~*T*~(*f*). Such a model, however, results in large variances in parameter estimation due to over-parameterization. Instead, *H*~*T*~(*f*) may be reduced to a first-order low-pass filter with pure delay as follows \[[@CR17], [@CR80]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$H_{T} (f) = - \frac{K}{{1 + \frac{f}{{f_{\text{C}} }}j}}\exp ( - 2\pi \,f\,Lj)$$\end{document}$$where *K*, *f*~C~, and *L* represent the steady-state gain, corner frequency (in Hz), and pure delay (in s), respectively. The slope of dynamic gain in the frequency range above *f*~C~ asymptotically becomes −20 dB/decade. This model has also been used to describe the transfer function from vagal nerve stimulation to HR \[[@CR50], [@CR82], [@CR84]\].

In Fig. [3](#Fig3){ref-type="fig"}c, the thin gray lines represent an example of the total reflex arc transfer function estimated from the same rats as in Fig. [3](#Fig3){ref-type="fig"}a. A sharp peak at 1.33 Hz is an artifact caused by mechanical ventilation. In the gain and phase plots, the dotted line indicates the mathematical model (Eq. [15](#Equ15){ref-type=""}) fitted to the mean of the estimated transfer function in the frequency range up to 0.8 Hz. The parameters of the model are *K* = 0.71, *f*~C~ = 0.049, and *L* = 0.85. Note that the estimated dynamic gain, *K*, is reduced depending on the input amplitude \[[@CR67], [@CR77]\], and is smaller than the maximum gain derived from the sigmoidal input--output relationship of the static characteristics of the total reflex arc.

While the mathematical model helps describe the estimated transfer function by a set of parameters instead of enumerating gain and phase values for all frequencies, the mathematical model is only an approximation and not a unique representation of the estimated transfer function. The first-order low-pass filter may be a little too simplistic to describe the total reflex arc transfer function. To describe the asymptotic decreasing slope of a dynamic gain steeper than --20 dB/decade \[[@CR22]\] or to describe an oscillatory AP response \[[@CR53]\], the second-order low-pass filter may be a better model for the transfer function of the total reflex arc. In an earlier study by Levison et al. \[[@CR85]\], the total reflex arc transfer function is expressed as a more complex model including components of a second-order low-pass filter.

Dynamic characteristics of baroreceptor transduction and central processing {#Sec27}
---------------------------------------------------------------------------

The transfer function of the neural arc can be subdivided into the transfer function representing the baroreceptor transduction and the transfer function from baroreceptor afferent nerve activity (or afferent nerve stimulation) to efferent SNA. The latter transfer function is referred to as "central arc" transfer function hereafter in this article. In a study by Kubo et al. \[[@CR86]\], the dynamic gain of the central arc did not change significantly with changes in frequency in rabbits. However, the magnitude of derivative characteristics observed in the mechano--neural transduction at the aortic baroreceptors (approximately 6 dB/decade) \[[@CR41]\] or at the carotid sinus baroreceptors (approximately 4.6 dB/decade) \[[@CR72]\] is not large enough to fully explain the derivative characteristics observed in the neural arc transfer function (4.68 dB/octave = 15.5 dB/decade) \[[@CR17]\], indicating that the central arc is likely to possess some derivative characteristics. This speculation is supported by the fact that the neural arc transfer function relating to cardiac SNA shows slightly enhanced derivative characteristics compared with that relating to renal SNA \[[@CR73]\]. If the central arc does not modify the relative amplitude of the signals from baroreceptor afferents but only provides a fixed time delay, the magnitude of derivative characteristics would likely have been the same for both cardiac and renal SNAs. It may be of note that the transfer function of the neural arc does not significantly differ between cardiac and renal SNAs in cats \[[@CR87]\]. Differences in species and experimental protocols may contribute to the inconsistent conclusions \[[@CR73]\].

The diversity in the derivative characteristics of the central arc observed among various reports may be partly explained by the presence of two types of baroreceptor afferent fibers (i.e., myelinated A-fiber and unmyelinated C-fiber \[[@CR88]\]) and the differences in stimulation protocols. When myelinated A-fiber afferent fibers are preferentially activated by low-voltage and high-frequency stimulation, the derivative characteristics of the central arc are more pronounced \[[@CR89]\]. In contrast, when unmyelinated C-fiber afferent fibers are preferentially activated by high-voltage and low-frequency stimulation, the derivative characteristics of the central arc become attenuated.

Synaptic transmission requires a number of processes including changes in presynaptic membrane potentials, neurotransmitter release from the presynaptic nerve endings, neurotransmitter diffusion across the synaptic clefts, opening of the ligand-gated ionotropic receptors on the postsynaptic cells, and generation of postsynaptic action potentials. It remains unknown how the central arc produces the derivative characteristics despite the synaptic delay. In electrical circuits, the derivative characteristics can be built from a delay element alone by introducing feedback \[[@CR76]\]. A reciprocal neural connection is reported from the RVLM to the NTS \[[@CR90]\]. If such a connection acts as a feedback path within the central arc, it could explain the generation of derivative characteristics.

Bionic baroreflex system {#Sec28}
------------------------

Once the dynamic transfer function of the total reflex arc, *H*~T~(*f*), is quantified, the arterial baroreflex function can be restored in cases of central baroreflex failure. In a study by Sato et al. \[[@CR91]\], a bionic baroreflex system is proposed, in which a pressure sensor monitors AP and the bionic baroreflex center stimulates the efferent sympathetic nerve to mimic the normal baroreflex control of AP. First, the transfer function from celiac nerve stimulation to AP, *H*~stim→AP~(*f*), was identified by a white noise analysis. Next, the transfer function of the bionic baroreflex center from pressure input to celiac nerve stimulation, *H*~bionic~(*f*), was determined to fulfill the following equation:$$\documentclass[12pt]{minimal}
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This bionic baroreflex system is able to prevent orthostatic hypotension in a rat model of central baroreflex failure \[[@CR92]\]. Furthermore, Yanagiya et al. \[[@CR93]\] showed that epidural spinal cord stimulation can be used as the efferent path of the bionic baroreflex system to control AP in anesthetized cats.

Hosokawa et al. \[[@CR74]\], on the other hand, estimated the transfer function from aortic depressor nerve stimulation to AP, and then developed a bionic baroreceptor (not baroreflex) system. The system assumes preserved functioning of the central and peripheral pathways of the arterial baroreflex system. Although the idea of enhancing carotid sinus baroreflex by electrical stimulation is not new and dates back to 1958 \[[@CR94]\], the bionic baroreceptor system may provide a safer and more adaptive blood pressure-lowering therapy for patients with drug-resistant hypertension if used in combination with baroreflex activation therapy \[[@CR74], [@CR95]\].

A bionic baroreflex system aims to restore the normal function of the native arterial baroreflex system. However, considering the fact that the ultimate goal of the arterial baroreflex system is to stabilize AP, an artificial controller may be designed without knowing exactly the transfer function of the total reflex arc. As an example, Yamasaki et al. \[[@CR96]\], using a classic controller with proportional and integral gain factors, demonstrated the successful application of epidural spinal cord stimulation to maintain AP against a model of sudden hypotension during knee surgery in humans. Gotoh et al. \[[@CR83]\], using a proportional--integral--differential controller, also demonstrated the ability of RVLM stimulation to control AP in conscious rats.

Closed-loop identification of open-loop dynamic characteristics {#Sec29}
---------------------------------------------------------------

### Erroneous application of open-loop analysis {#Sec30}

When SNA and AP are measured under baroreflex closed-loop conditions, an ordinary transfer function analysis in the frequency domain yields an erroneous estimation of the open-loop transfer function \[[@CR97]\] as discussed below. First, let us think about open-loop analysis of the carotid sinus baroreflex. Under baroreflex open-loop conditions, SNA is expressed in the frequency domain as:$$\documentclass[12pt]{minimal}
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                \begin{document}$${\text{SNA}}(f) = H_{\text{N}} (f){\text{CSP}}(f) + N(f)$$\end{document}$$where SNA(*f*), CSP(*f*), and *N*(*f*) represent the Fourier transforms of SNA, CSP, and unknown central noise component in SNA, respectively; and *H*~N~(*f*) is the neural arc transfer function. Calculating cross spectra between the terms of Eq. [17](#Equ17){ref-type=""} and *CSP*(*f*) and averaging them over multiple segments yields the following equation:$$\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_{\text{N}} (f) = \frac{{E[{\text{SNA}}(f){\text{CSP}}^{\ast}(f)]}}{{E[{\text{CSP}}(f){\text{CSP}}^{\ast}(f)]}}$$\end{document}$$which is an alternative expression of Eq. [7](#Equ7){ref-type=""}.

When the baroreceptor regions are not isolated from systemic circulation, SNA may be expressed in the frequency domain as:$$\documentclass[12pt]{minimal}
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### Mathematical opening of closed loop {#Sec31}

When AP is perturbed by blood withdrawal and reinfusion according to a known white noise signal, it may be possible to estimate the neural arc transfer function by mathematically opening the baroreflex closed loop as follows \[[@CR27]\]. Calculating cross spectra between the terms of Eq. [20](#Equ20){ref-type=""} and the Fourier transform of the command signal, CMD(*f*), and averaging them over multiple segments yields the following equation:$$\documentclass[12pt]{minimal}
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### Partial closed-loop identification {#Sec32}

As an alternative to the dynamic AP perturbation described in the previous section, SNA can be perturbed dynamically via aortic depressor nerve stimulation, which may possibly enable closed-loop identification \[[@CR99]\]. Unfortunately, this method does not completely solve the closed-loop identification problem. That is to say, when SNA is perturbed, the peripheral arc transfer function can be estimated using the stimulation command signal. However, the unknown noise component of AP uncoupled with SNA is not large enough to allow for the estimation of the neural arc transfer function, at least under anesthetized conditions. To estimate the neural arc transfer function, AP also needs to be perturbed by another method that includes intermittent rapid pacing of the heart. Intermittent rapid pacing, on the other hand, allows the estimation of the neural arc but not the peripheral arc transfer function, though it is similar to the blood withdrawal and reinfusion in the sense it perturbs AP. This is because the intermittent rapid pacing interferes with normal cardiac function and significantly distorts the peripheral arc transfer function \[[@CR99]\].

Dynamic AP perturbation using intermittent balloon inflation and deflation at the thoracic aorta may allow estimation of the neural arc transfer function from the AP input to SNA with reasonable accuracy \[[@CR87], [@CR100], [@CR101]\]. This may also be because the intermittent balloon inflation and deflation significantly distort the peripheral arc transfer function and effectively sever the linear coupling between the unknown central noise component of SNA and AP. Nevertheless, using Eq. [24](#Equ24){ref-type=""} might be a theoretically solid estimate of the neural arc transfer function under baroreflex closed-loop conditions.

### Common limitations for closed-loop identification {#Sec33}

There are several limitations common to all closed-loop identification methods and partial closed-loop identification. First, the arterial baroreflex function can be estimated only around the baseline operating-point AP under given conditions. Hence the nonlinear characteristics of the arterial baroreflex such as threshold and saturation phenomena are difficult to identify unless a very large perturbation is imposed. Second, the amplitude of AP perturbation cannot be controlled exactly under baroreflex closed-loop conditions. These two limitations may cause error when comparing the arterial baroreflex function among different conditions because the dynamic characteristics of the arterial baroreflex can change depending on the mean and amplitude of the input perturbation \[[@CR77], [@CR102]\]. It is difficult, without baroreceptor isolation, to impose a white noise signal with specific distribution properties such as Gaussian white noise, which limits the ability to estimate higher-order nonlinear dynamics of the system \[[@CR4]\].

Integration with static characteristics {#Sec34}
---------------------------------------

### Cascade models {#Sec35}

For convenience reasons, the dynamic characteristics of the arterial baroreflex system are described separately from the static characteristics in this article. However, the dynamic characteristics may need to be combined with the static characteristics to describe the overall baroreflex function. For both the neural and peripheral arcs, the simplest structure is a cascade connection of the static and dynamic characteristics. With respect to the peripheral arc, because the static characteristics are nearly linear, a static--dynamic cascade model and a dynamic--static cascade model are functionally indistinguishable. On the other hand, because the static characteristics of the neural arc are sigmoidal nonlinear in nature, a static--dynamic cascade model and a dynamic--static cascade model yield different dynamic transfer functions when activated with a binary white noise input. Based on experimental results, the dynamic--static cascade model has been previously suggested to be a better first approximation of the neural arc \[[@CR77]\].

While the dynamic--static cascade model explains the operating point-dependence of the neural arc transfer function \[[@CR102]\], this does not mean that the actual neural arc is so simple. In the dynamic--static cascade model, the range of SNA is exactly the same as that of the static characteristics determined from the steady-state SNA response. However, an abrupt reduction of CSP from 180 to 60 mmHg sometimes evokes a transient SNA elevation that exceeds the maximum value of the steady-state SNA response \[[@CR31]\]. A staircase-wise increase of CSP from 80 to 100 mmHg or from 100 to 120 mmHg can transiently reduce SNA below the minimum value of the steady-state SNA response \[[@CR67]\]. To describe these transient SNA responses, additional dynamic characteristics are required after the dynamic--static cascade model.

### Parallel models {#Sec36}

While the models of neural and peripheral arcs need to be described as a cascade connection, parallel connections of subsystems may also be considered to describe the overall function of the arterial baroreflex system. For instance, a model by Ursino et al. \[[@CR103]\] divides the overall baroreflex function into parallel blocks representing the baroreflex effects on systemic peripheral resistance, heart period, and volume shift to the systemic circulation. A model by Sakamoto et al. \[[@CR23]\] uses parallel blocks representing the transfer functions from CSP to left ventricular end-systolic elastance, CSP to HR, CSP to systemic peripheral resistance, and CSP to stressed blood volume, followed by blocks of the cardiac output curve and venous return surface to determine AP \[[@CR104]\]. While the model by Sakamoto does not separate the neural and peripheral arc components or include the nonlinearity of the neural arc, it demonstrates a predominance of vascular properties, not ventricular properties, in baroreflex-mediated sympathetic AP regulation.

### Volterra series {#Sec37}

As an aside from the above-mentioned approaches, it may also be possible to describe the overall system characteristics without assuming any particular structure by using a Volterra series. For a finite memory causal system, the Volterra series is given as follows \[[@CR105]\]:$$\documentclass[12pt]{minimal}
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Effects of various interventions on open-loop baroreflex characteristics {#Sec38}
========================================================================

Exogenous interventions {#Sec39}
-----------------------

### Angiotensin II {#Sec40}

Angiotensin II is a powerful vasoconstrictor peptide and is thought to affect the baroreflex peripheral arc. Angiotensin II can also affect sympathetic AP regulation by centrally increasing sympathetic outflow, stimulating sympathetic ganglia and the adrenal medulla, and facilitating neurotransmission at the sympathetic nerve endings \[[@CR107]\]. Figure [4](#Fig4){ref-type="fig"} illustrates the baroreflex equilibrium diagram before and during intravenous administration of angiotensin II (10 µg kg^−1^ h^−1^) in anesthetized rats \[[@CR31]\]. As expected, angiotensin II causes an upward shift of the peripheral arc toward higher AP. The closed-loop operating point moves from point 'a' to point 'b' because angiotensin II also yields a rightward shift of the neural arc toward higher SNA. If the changes in the operating point alone were observed under baroreflex closed conditions, then angiotensin II would increase AP without a suppression of SNA, which might lead to an interpretation that angiotensin II impairs the neural arc function. In reality, changes in CSP from 60 to 180 mmHg can significantly reduce SNA under background infusion of angiotensin II, indicating that the neural arc function is maintained in terms of its responsiveness to input pressure change. It appears that angiotensin II increases the baroreflex-independent tonic component of SNA.Fig. 4Baroreflex equilibrium diagram obtained under control conditions (*gray broken line* and *curve*) and during intravenous administration of angiotensin II (*black solid line* and *curve*). *CSP* carotid sinus pressure, *AP* arterial pressure, *SNA* sympathetic nerve activity. Angiotensin II moves the operating point from point 'a' to point 'b'. If we observe the change in the operating point alone under baroreflex closed-loop conditions, angiotensin II increases AP but does not reduce SNA, which would lead to an interpretation that angiotensin II blunts the arterial baroreflex function. However, the baroreflex equilibrium diagram indicates that the neural arc resets to higher SNA without losing the ability to respond to changes in CSP (modified from Fig. 4 in Ref. [@CR31] with permission)

The dynamic transfer functions of the neural and peripheral arcs are not significantly affected by a pressor dose of intravenous angiotensin II (6 µg kg^−1^ h^−1^) in anesthetized rabbits \[[@CR108]\]. The insignificant effect of angiotensin II on the neural arc transfer function may be consistent with previous findings that the derivative characteristics of the neural arc are preserved in disease models of chronic heart failure \[[@CR67], [@CR101]\] and hypertension \[[@CR100], [@CR109]\] where an increased level of central angiotensin II is considered to be a mechanism of excess sympathoexcitation \[[@CR110]--[@CR112]\].

Angiotensin II stimulates the production of superoxide and interacts with nitric oxide in the central nervous system \[[@CR113]\]. Miyano et al. \[[@CR114]\] examined the effects of inhibiting nitric oxide production on the dynamic characteristics of the carotid sinus baroreflex. Inhibition of nitric oxide production by an intravenous administration of N^G^-monomethyl-[l]{.smallcaps}-arginine ([l]{.smallcaps}-NMMA) minimally affects the neural arc transfer function, suggesting that nitric oxide is mainly involved in tonic rather than dynamic regulation of SNA. The administration of [l]{.smallcaps}-NMMA does not affect the peripheral arc transfer function, indicating that basal nitric oxide release plays a minimal role in the dynamic sympathetic regulation of AP \[[@CR115]\].

### Head-up tilt {#Sec41}

During a head-up tilt, blood pools in the lower extremities, which is considered to have effects similar to blood loss on the circulatory regulation. In a study by Kamiya et al. \[[@CR116]\] using anesthetized rabbits, the head-up tilt causes a downward shift of the peripheral arc toward lower AP, which is consistent with the effect of blood loss. At the same time, the head-up tilt induces a rightward shift of the neural arc toward higher SNA, which keeps the operating-point AP relatively unchanged during the head-up tilt. While central command may increase SNA during spontaneous locomotion \[[@CR117]\], it may not explain the resetting of the neural arc observed under anesthetic conditions.

Similar to the changes observed in the static characteristics, the dynamic gain of the peripheral arc transfer function is decreased, whereas the dynamic gain of the neural arc transfer function is increased during the head-up tilt \[[@CR118]\]. Consequently, the dynamic gain of the total reflex arc transfer function is relatively unaffected by orthostatic stress. A simulation of the closed-loop AP response indicates that the resetting of the neural arc has a critical role in activating SNA and preventing hypotension during orthostatic stress not only in the static but also in the dynamic response.

### Head-up tilt and vestibular lesion {#Sec42}

While the resetting of the neural arc toward higher SNA contributes to the maintenance of AP during a head-up tilt, the mechanisms for resetting remain to be fully elucidated. One possible mechanism is input from the vestibular system. Abe et al. \[[@CR119]\] examined the effects of sinoaortic baroreceptor denervation, vestibular lesion, or both, on AP during voluntary postural changes in conscious rats. Both the arterial baroreflex and vestibular systems contribute to the maintenance of AP during the voluntary rear-up.

Abe et al. \[[@CR119]\] also examined the effects of vestibular lesion on the baroreflex equilibrium diagram in anesthetized rats. In agreement with the study in anesthetized rabbits \[[@CR116]\], the head-up tilt caused a downward shift of the peripheral arc and a rightward shift of the neural arc in sham-operated rats. In contrast, resetting of the neural arc toward higher SNA was abolished in rats with vestibular lesion, and the operating-point AP was significantly decreased during the head-up tilt. These results suggest that the input from the vestibular system is an important source for resetting of the neural arc during orthostatic stress. The findings agree with a human study where activation of the otolith organs by a head-down rotation increases muscle SNA \[[@CR120]\]. One caveat for the involvement of the vestibular reflex in providing a tolerance against the gravitational stress is that the vestibular reflex does not directly monitor AP and may evoke significant sympathoexcitation if the arterial baroreflex is disabled \[[@CR121]\].

### Passive muscle stretch {#Sec43}

Mechanoreflex and metaboreflex from exercising muscles are thought to modify the arterial baroreflex function during exercise. Yamamoto et al. \[[@CR64]\] examined the effects of passive muscle stretch on the baroreflex equilibrium diagram in anesthetized rabbits. A passive muscle stretch applied at the hind limb caused a rightward shift of the neural arc toward higher SNA without affecting the peripheral arc. Resetting of the neural arc induced by the muscle mechanoreflex might compensate for AP falls resulting from vasodilation in exercising muscles. Although the contribution of the mechanoreflex to the maintenance of AP during standing remains to be examined, afferent signals from the acting muscles could be another source for resetting of the neural arc toward higher SNA during orthostatic stress.

Muscle mechanoreflex induced by passive muscle stretch increases the dynamic gain of the neural arc transfer function but does not significantly affect the peripheral arc transfer function \[[@CR76]\]. A simulation of the closed-loop AP response indicates that the muscle mechanoreflex may accelerate the AP regulation by increasing the dynamic gain of the total reflex arc.

### Pharmacological afferent vagal nerve stimulation {#Sec44}

Intravenous administration of veratrum alkaloids evokes cardioresipratory inhibitory responses known as the Bezold--Jarisch reflex. Serotonin 5-HT~3~ receptors on the vagal sensory fibers may be involved in the Bezold--Jarisch reflex induced by intravenous phenylbiguanide \[[@CR122]\]. Kashihara et al. \[[@CR123]\] examined the effect of intravenous phenylbiguanide on the baroreflex equilibrium diagram in anesthetized rabbits with intact vagal nerves. The Bezold--Jarisch reflex caused a leftward shift of the neural arc toward lower SNA and decreased the slope of the peripheral arc. Consequently, the Bezold--Jarisch reflex decreased the operating-point SNA and AP. The suppression of SNA might not have been mediated by the direct central effect of phenylbiguanide because vagotomy abolished the shift in SNA. Afferent vagal nerve stimulation by phenylbiguanide may accompany efferent vagal nerve activation as evidenced by an increase in myocardial interstitial acetylcholine concentration in anesthetized cats \[[@CR124]\]. Therefore, the observed changes in the baroreflex equilibrium diagram during the intravenous phenylbiguanide administration may be a combined result from activation of both the afferent and efferent pathways of the vagal nerves.

The Bezold--Jarisch reflex induced by intravenous phenylbiguanide decreases the dynamic gain of the neural arc transfer function but does not significantly affect the peripheral arc transfer function \[[@CR125]\]. Excess activation of the Bezold--Jarisch reflex during acute myocardial ischemia may compromise the maintenance of AP, not only by sympathetic suppression but also by the impairment of the dynamic gain of the arterial baroreflex.

### Electrical afferent vagal nerve stimulation {#Sec45}

Saku et al. \[[@CR37]\] examined the effects of electrical stimulation of the afferent pathway of the cut right vagal nerve on the baroreflex equilibrium diagram in anesthetized rats. Possible confounding reflex effects, such as those from low-pressure baroreflexes, were avoided because this experiment was performed following vagotomy. On the other hand, the effects may not be specific for cardiovascular regulation because electrical stimulation may activate all the fibers in the vagal nerve such as those directed to gastrointestinal organs. While the vagal nerve was stimulated at the neck region, it might have been a better protocol to stimulate the intrathoracic portion of the vagal nerve \[[@CR126]\] to avoid contamination from possible aortic depressor nerve stimulation. While these limitations should be kept in mind, the study by Saku et al. \[[@CR37]\] indicates that the electrical afferent vagal nerve stimulation causes a leftward shift of the neural arc toward lower SNA without significantly affecting the peripheral arc. As a result, afferent vagal nerve stimulation decreases the operating-point SNA and AP. This finding is qualitatively compatible with a study using a reversible carotid isolation procedure in conscious dogs \[[@CR33]\] where vagotomy caused an upward shift in the CSP--AP relationship.

### Electrical efferent vagal nerve stimulation {#Sec46}

Electrical vagal nerve stimulation \[[@CR127]\] or application of acetylcholine \[[@CR128]\] inhibits noradrenaline release from the isolated perfused rabbit heart in response to electrical postganglionic sympathetic nerve stimulation. Interactions are known to exist between the sympathetic and vagal systems in regulating HR \[[@CR50], [@CR129]\]. However, whether efferent vagal nerve stimulation significantly modified the baroreflex-mediated sympathetic AP regulation remained unknown. To investigate this question, the effects of electrical stimulation of the efferent pathway of the cut right vagal nerve on the baroreflex equilibrium diagram were examined in anesthetized rats \[[@CR38]\]. Efferent vagal nerve stimulation (20 Hz, 1--4 V, 2-ms pulse width) reduced HR by 58 beats/min (13 % of a baseline HR) and decreased the intercept of the peripheral arc by 5.8 mmHg and the operating-point AP by 2.8 mmHg. In contrast, the parameters of the neural arc and the total reflex arc were not changed significantly, suggesting a limited effect of the moderate vagal nerve stimulation to modify the baroreflex-mediated sympathetic AP regulation.

Several explanations can be put forward to explain the limited effect of the moderate vagal nerve stimulation to reduce AP. First, there is little efferent vagal innervation on the systemic resistance vessels, though blood flow within specific organs can be modulated by vagal nerve stimulation \[[@CR130]\]. Second, although slowing HR by efferent vagal nerve stimulation should reduce cardiac output if stroke volume is unchanged, the reduction of HR may be partly counterbalanced by an increase in stroke volume. Third, the negative inotropic effect of vagal nerve stimulation on the left ventricle is not so strong because it is induced only indirectly by a slowing of HR \[[@CR131]\] and by an antagonism to sympathetic regulation \[[@CR132]\].

Although the results of the above study indicate that moderate vagal nerve stimulation has limited ability to reduce AP, the effects of the efferent vagal nerve stimulation on mean AP depends on the intensity of stimulation. When HR is reduced by approximately 80 beats/min by bilateral vagal nerve stimulation in anesthetized cats (a reduction of approximately 40 % of a baseline HR), mean AP is significantly decreased \[[@CR133]\]. When the atrial rate is reduced by approximately 180 beats/min by right vagal nerve stimulation in anesthetized rabbits (a reduction of approximately 60 % of a baseline HR), mean AP is significantly decreased even when the ventricular rate is maintained \[[@CR134]\]. In addition, the effects of efferent vagal nerve stimulation on AP may depend on the level of background SNA. As an example, a fixed intensity of bilateral vagal nerve stimulation (20 Hz, 5 V, 2-ms pulse width) reduces mean AP in spontaneously hypertensive rats but not in normotensive Wistar-Kyoto rats \[[@CR135]\].

### Electroacupuncture {#Sec47}

Acupuncture has been shown to modulate autonomic nervous activity via somatic afferent stimulation \[[@CR136], [@CR137]\]. Acupuncture is an attractive treatment for autonomic imbalance in humans because it does not require surgery (i.e., an electrode implantation to interface with the autonomic nervous system). On the other hand, quantitative analysis is still lacking about the effects of acupuncture on circulatory regulation. Michikami et al. \[[@CR66]\] examined the effects of electroacupuncture on the baroreflex equilibrium diagram in anesthetized rabbits. Electroacupuncture at the Zusanli acupuncture point of the hind limb caused a leftward shift of the neural arc toward lower SNA without a significant effect on the peripheral arc, resulting in the reductions of operating-point SNA and AP. Electroacupuncture is being explored as a complementary therapy for cardiovascular diseases because autonomic imbalance characterized by sympathoexcitation and vagal withdrawal is considered to be an aggravating factor in cardiovascular diseases such as heart failure, \[[@CR138], [@CR139]\].

A possible application of electroacupuncture for short-term AP control has been examined in anesthetized cats \[[@CR140]\]. The transfer function from hind limb electroacupuncture to AP approximated a second-order low-pass filter with pure delay. By using the estimated model transfer function, a proportional--integral controller was designed so that the stimulation current and frequency of electroacupuncture were automatically determined to decrease AP to a predefined target level.

### Calcium channel blockers {#Sec48}

The baroreflex equilibrium diagram is useful to understand the effects of pharmacological agents on sympathetic AP regulation, because it enables separate estimation of the central and peripheral effects of a given drug. Nifedipine, a first generation dihydropyridine (DHP)[l]{.smallcaps}-type calcium channel blocker, decreases AP via vasodilation. The decrease in AP activates SNA through the arterial baroreflex and increases HR, which is known as reflex tachycardia. The second and third generations of DHP calcium channel blockers have been developed to avoid the reflex tachycardia. Although the slow onset of the drug effect contributes to the absence of reflex tachycardia in the second and third generations of DHP calcium channel blockers \[[@CR141]\], the direct inhibition of SNA can be an auxiliary mechanism. To assess the direct drug effect on SNA independently of the baroreflex-mediated effect on SNA, Yamamoto et al. \[[@CR142], [@CR143]\] examined the effects of DHP calcium channel blockers on the baroreflex equilibrium diagram. The acute effect of DHP calcium channel blockers on the neural arc is minimal, and the hypotensive effect can primarily be attributable to a reduction in the slope of the peripheral arc. While SNA at a given CSP does not change significantly, the CSP--HR relationship shows a downward shift, suggesting a direct negative chronotropic effect of DHP[l]{.smallcaps}-type calcium channel blockers. Although the HR response is sometimes used as an index for the autonomic tone from the central nervous system, the HR data needs to be carefully interpreted when a given drug has a direct influence on the activity of the sinoatrial node.

Intravenous administration of an N-type calcium channel blocker ω-conotoxin GVIA nearly abolishes the AP response to SNA without a significant effect on the maximum SNA \[[@CR142]\], which reflects the importance of N-type calcium channels in the noradrenaline release from the sympathetic nerve terminals \[[@CR144]\]. Whereas the[l]{.smallcaps}-type calcium channel blockade spares the HR response to changes in CSP, the N-type calcium channel blockade nearly abolishes the HR response to changes in CSP.

Although the intravenous administration of nifedipine does not significantly affect the neural arc transfer function, it significantly reduces the dynamic gain of the peripheral arc transfer function \[[@CR145]\]. A simulation on the closed-loop AP response indicates that the nifedipine-induced reduction of dynamic gain nearly doubles the 80 % recovery time of the AP response to an exogenous step disturbance. It is possible that an overdose of [l]{.smallcaps}-type calcium channel blockers may compromise the rapid AP control by the arterial baroreflex system and prolong hypotensive events.

Disease models {#Sec49}
--------------

### Chronic heart failure {#Sec50}

Arterial baroreflex function has been shown to be depressed in chronic heart failure (CHF). Under baroreflex closed-loop conditions, a decrease in AP due to decreased cardiac output in CHF can increase sympathetic outflow as a consequence of normal baroreflex operation. To determine whether the baroreflex function is truly impaired in CHF, baroreflex responses need to be examined using an identical pressure input under baroreflex open-loop conditions. In a study by White \[[@CR20]\] using a canine model of low-output right heart failure, the baroreflex response range of AP is smaller in the CHF group than in the sham-operated control group before vagotomy. The difference in the AP response range becomes insignificant after vagotomy. In a study by Wang et al. \[[@CR21]\] using a canine model of rapid pacing-induced heart failure, renal SNA and AP responses to CSP are attenuated in the CHF group. In contrast, the renal SNA response to electrical stimulation of the carotid sinus nerve is not different between the normal and CHF groups. In another study by Wang et al. \[[@CR57]\], vagotomy does not significantly change the baroreflex responses to CSP or electrical stimulation of the carotid sinus nerve in either the sham-operated or CHF group under anesthetic conditions. Olivier and Stephenson \[[@CR35]\] have demonstrated time-dependent depressions of the carotid sinus baroreflex after the initiation of rapid pacing (days 3 through 21) in conscious dogs. Attenuation of the response range and static gain of the total reflex arc are evident from day 3.

While the above-mentioned studies demonstrated impairment of arterial baroreflex function in CHF, they did not deal with how the operating point was changed in CHF. To address this issue, the baroreflex equilibrium diagram was compared between normal rats and rats with CHF after myocardial infarction in our laboratory \[[@CR67]\]. With respect to the neural arc, the magnitude of maximum sympathetic suppression is impaired in the CHF group. Possible mechanisms for the sympathoexcitation include afferent signals from the failing heart \[[@CR111]\], an effect of central angiotensin II \[[@CR110]\], and a reduced reflex from cardiopulmonary region \[[@CR146]\]. The maximum gain of the neural arc, however, is not significantly reduced in CHF compared with the normal group. With respect to the peripheral arc, the slope is smaller in CHF than in the normal group, indicating an impaired AP response to percent change in SNA. Despite the significant changes in the neural and peripheral arcs, the operating-point AP is only slightly decreased in the CHF compared with the normal group (116 ± 3 vs. 106 ± 3 mmHg, *p* \< 0.05) without a significant difference in the total reflex gain at the operating point (1.23 ± 0.28 vs. 0.96 ± 0.39 mmHg/mmHg) \[[@CR67]\].

Although the AP response to percent changes in SNA is impaired in CHF, normalization of SNA might have affected the assessment of the slope of the peripheral arc. If the sympathetic outflow is increased in CHF, the same percent of SNA may indicate larger absolute SNA. Hence, the slope of the peripheral arc in CHF could be much smaller if SNA is expressed in absolute units. Regarding this point, the slope of the AP response to exogenous phenylephrine or noradrenaline is reduced in rats with CHF compared with normal rats, such that the slope ratio is between 0.6 and 0.7 \[[@CR68]\]. The slope of the AP response to preganglionic sympathetic nerve stimulation is also reduced to approximately 0.5-fold in rats with CHF compared with sham-operated rats \[[@CR147]\]. These data can be used to recalibrate the abscissa of the baroreflex equilibrium diagram between the normal and CHF groups \[[@CR68]\].

Although the derivative characteristics of the neural arc are preserved in rats with CHF after myocardial infarction, the dynamic gain of the peripheral arc transfer function is significantly decreased in the lower frequency range \[[@CR67]\]. As a result, the dynamic transfer function of the total reflex arc is significantly depressed in CHF than in the normal group. Although the total reflex gain at the operating point is not significantly different between the two groups, a numerical simulation indicates that the reserve for AP buffering is lost in the CHF group. This may be the reason why patients with stable CHF are easily decompensated by perturbations such as a lack of adherence to fluid restrictions.

Li et al. demonstrated that chronic intermittent electrical vagal nerve stimulation improves the survival of rats with CHF after myocardial infarction \[[@CR148]\]. When the effects on the static characteristics of the carotid sinus baroreflex are examined in rats with CHF, the chronic vagal nerve stimulation increases the response range of percent SNA, suggesting improved neural arc function \[[@CR149]\]. However, the effect of the chronic vagal nerve stimulation on the total reflex arc is limited due to the lack of significant improvement of the AP response to percent SNA.

### Hypertension {#Sec51}

The arterial baroreflex control of AP resets to a higher pressure range in hypertension \[[@CR150]\]. As an example, Nosaka and Wang \[[@CR28]\] examined the open-loop static characteristics of the carotid sinus baroreflex in spontaneously hypertensive rats (SHR). The CSP--AP relationship resets to a higher CSP range and also to a higher AP range. Although the threshold pressure of baroreceptor firing is increased in untreated SHR, antihypertensive treatment prevents baroreceptor resetting \[[@CR151]\], suggesting that the resetting is secondary to the development of hypertension. A different study indicates, however, that baroreceptor resetting occurs without any reduction in aortic wall distensibility at 10 weeks of age when SHR has significantly elevated AP \[[@CR152]\], indicating early hypertensive baroreceptor resetting is primarily due to a change in receptor properties. Thereafter, the aorta of SHR lacked the normal increase in distensibility from 10 to 20 weeks of age, resulting in the reduced distensibility compared with normotensive rats.

Sympathetic outflow from the central nervous system is considered to be increased in SHR. However, whether an increased sympathetic outflow or an increased vascular responsiveness contributes more significantly to the AP elevation in SHR remains controversial, partly due to the lack of a proper methodology to quantify the absolute level of SNA \[[@CR153]\]. To investigate the above problem, Sata et al. \[[@CR69]\] examined the baroreflex equilibrium diagrams of SHR and normotensive Wistar-Kyoto rats (WKY). To compare SNA between the different groups, the abscissa of the baroreflex equilibrium diagram was rescaled based on the pressor response to graded doses of intravenous administration of phenylephrine. The relationship of steady-state AP response versus the logarithmic dose of phenylephrine did not differ significantly between WKY and SHR, which is in agreement with no significant difference in the cumulative concentration--response curve of phenylephrine in an in vitro ring preparation of the aorta isolated from WKY and SHR \[[@CR154]\]. The results also agree with a previous report using pithed preparation where WKY and SHR had an equal sensitivity of the vasoconstrictor response to endogenous noradrenaline during thoracolumbar sympathetic stimulation up to submaximal frequencies \[[@CR155]\]. After the rescaling of the abscissa, the baroreflex equilibrium diagram indicates that the AP elevation in SHR is predominantly mediated by the neural arc \[[@CR69]\]. While the pathogenesis of hypertension is diverse and SHR does not represent all types of hypertension, the baroreflex equilibrium diagram in SHR reinforces the importance of the central nervous system as a treatment target for hypertension \[[@CR156]\].

Unbalance between the formation and disposition of reactive oxygen species causes oxidative stress, which is one of the mechanisms of the increased sympathetic outflow in SHR. When an inorganic free radical scavenger tempol is microinjected into the RVLM, stroke-prone SHR shows a dose-dependent reduction in AP, suggesting the importance of oxidative stress in determining the sympathetic outflow \[[@CR157]\]. This does not mean, however, that the oxidative redox signaling is unimportant in the normal AP regulation. When the effects of an intravenous tempol on the baroreflex equilibrium diagram were examined in our laboratory, the neural arc showed a leftward shift toward lower SNA in both WKY and SHR \[[@CR158]\]. Therefore, oxidative redox signaling may be an intrinsic mechanism in the signal transduction of the arterial baroreflex system, and in SHR the signaling is enhanced, which induces pathological sympathoexcitation. Intravenous tempol slightly decreases the peripheral arc toward lower AP in SHR but not in WKY, suggesting that oxidative stress in the vasculature partly contributes to the elevation of AP in SHR.

The derivative characteristics of the neural arc transfer function are preserved in SHR \[[@CR100], [@CR109]\], indicating that the dynamic AP control against acute pressure disturbance is relatively preserved around the operating-point AP despite the elevation. While angiotensin II is one of the possible mechanisms for the sympathoexcitation in SHR \[[@CR112]\], it does not significantly affect dynamic characteristics of the carotid sinus baroreflex \[[@CR108]\]. Another possible explanation for the preserved derivative characteristics of the neural arc is that the sustained SNA response is mainly mediated by unmyelinated C-fiber baroreceptors whereas the transient response is mediated by myelinated A-fiber baroreceptors \[[@CR42], [@CR88], [@CR89]\]. A recent study from our laboratory has indicated that the difference in the dynamic characteristics between A- and C-fiber central pathways is less evident in SHR compared with WKY \[[@CR159]\]. In diseased conditions such as SHR, C-fibers may be more easily damaged by oxidative stress compared with A-fibers, resulting in the preserved transient response of SNA. Further studies are required to confirm this speculation.

### Metabolic syndrome {#Sec52}

Metabolic syndrome is a major public health problem. A decrease in arterial compliance is observed in obese subjects and animals, which could lead to the impairment of arterial baroreflex function due to the reduced distensibility of the arterial wall around baroreceptors. The impaired baroreflex function may cause impaired sodium excretion via an insufficient inhibition of renal SNA, which would eventually lead to volume expansion and hypertension. Abe et al. \[[@CR160]\] tested this hypothesis by loading hyperosmotic NaCl solution in rats fed a high-fat diet and a normal diet. The rats fed a high-fat diet were divided into higher (Fat) and lower (Lean) body weight groups. The increase in AP, water balance, and sodium balance during 9 % NaCl loading were significantly larger in the Fat group compared with the Lean and normal groups. The baroreflex equilibrium diagram shows a shift of the neural arc toward higher CSP in the Fat group. The peripheral arc shows a slight upward shift in the Fat and Lean groups compared with the normal group, suggesting that the AP intercept is increased by volume expansion. These changes result in a significantly higher operating-point AP in the Fat group than the other two groups. Although the comparison of absolute SNA among different groups is difficult due to the normalization of SNA, a higher noradrenaline excretion in urine is suggestive of higher absolute SNA in the Fat group. In the same study, the distensibility of the common carotid artery is shown to be reduced in the Fat group, suggesting that the shift of the neural arc induced by the reduced distensibility of the arterial wall around baroreceptors might contribute to the impairment of the sodium regulation in the Fat group.

Although causality of baroreceptor resetting in the genesis of hypertension cannot be definitively determined, the presence of decreased distensibility of the arterial wall in a model of metabolic syndrome may provide a rationale for the use of electrical activation of the baroreflex, which bypasses the mechano--neural transduction at the arterial baroreceptors, for the treatment of drug-resistant hypertension discussed in the following section \[[@CR95]\].

Recent topics in relation to chronic arterial pressure regulation {#Sec53}
=================================================================

In a classical view, the arterial baroreflex system is categorized as an acute AP regulating system that starts to operate in a few seconds and develops its maximum effect within a few minutes after a disturbance. This is partly because a study by Cowley et al. \[[@CR161]\] demonstrated that the AP elevation following the sinoaortic baroreceptor denervation became insignificant within a few days in dogs. The variability of AP, on the other hand, remained increased after the sinoaortic baroreceptor denervation. Therefore, the primary purpose of the arterial baroreflex system has been believed to be the stabilization of AP against acute pressure disturbance and not the sustained control of the mean level of AP. The inability of the arterial baroreflex in controlling long-term AP is also considered to be related to the fact that the arterial baroreflex resets to a new prevailing pressure. Both the baroreceptors themselves and the baroreflex central pathway are involved in the resetting of the arterial baroreflex \[[@CR162]\].

It has been recently reported that exposing the baroreceptors to lower perfusion pressure and lower pulse pressure, i.e., baroreceptor unloading, can induce hypertension for a longer period than ever thought before \[[@CR163]\]. In contrast to the sinoaortic baroreceptor denervation, which might cause atrophy of synaptic connections in the central nervous system because of disuse, baroreceptor unloading may maintain the integrity of the baroreflex central pathway. In addition, electrical stimulation of baroreceptor afferent fibers has been shown to reduce AP for more than a week in dogs \[[@CR164]\]. Bypassing the mechano--neural transduction at the arterial baroreceptors may contribute to avoiding the resetting at the baroreceptor level. Based on these findings, electrical activation of the arterial baroreflex is explored as a new therapy against drug-resistant hypertension \[[@CR95]\].

The idea of electrical stimulation of the arterial baroreflex dates back to the 1960s when the method was used for pain relief from angina pectoris \[[@CR165]\]. Electrical stimulation of the carotid sinus nerves in man decreased mean arterial pressure, on average, by 23 % \[[@CR166]\]. Baroreflex activation therapy (BAT), however, remained experimental because of the development of new, effective drugs for the treatment of cardiovascular diseases including angina pectoris and hypertension. Nevertheless, the above-mentioned findings regarding the possible long-term regulation of AP by the arterial baroreflex, coupled with advancements in device technology (e.g., miniaturization of electric circuits) has motivated investigators to re-explore the use of BAT for the treatment of drug-resistant hypertension \[[@CR95]\]. While carotid body chemoreceptors exist nearby, carotid sinus BAT does not seem to elicit chemoreflexes \[[@CR167]\]. Chronic baroreceptor activation is also reported to enhance the survival of dogs with rapid pacing-induced heart failure \[[@CR168]\], and to improve left ventricular function and promote reversal of left ventricular remodeling in dogs with coronary microembolization-induced heart failure \[[@CR169]\]. Clinical application of BAT for heart failure with reduced ejection fraction is also reported \[[@CR170]\].

The reason why the electrical activation of the arterial baroreflex can be more effective than pharmacological sympathetic blockade remains to be clarified. Several potential mechanisms are as follows. First, compliance with medication is not needed for BAT once the device has been implanted. Second, not only sympathetic suppression but also vagal activation is expected by BAT. While the significance of vagal activation in the treatment of hypertension is unknown, vagal activation is beneficial for the treatment of chronic heart failure \[[@CR148]\]. Third, neural regulation is much stronger than the pharmacological intervention. For instance, 2-Hz cardiac sympathetic nerve stimulation is comparable to increasing a plasma noradrenaline concentration to approximately tenfold in its effects on a myocardial interstitial noradrenaline concentration and ventricular contractility in anesthetized cats \[[@CR171]\]. The sympathetic HR response is robustly observed even when plasma catecholamine levels are increased to approximately tenfold by intravenous catecholamine infusion in anesthetized rabbits \[[@CR172]\]. These results imply that the concentration of sympathetic blockers at the synaptic clefts may not be sufficiently increased to antagonize high levels of SNA in patients with drug-resistant hypertension. In contrast, BAT may be able to suppress SNA more effectively because of its direct upstream intervention in the neural pathway.

Conclusions {#Sec54}
===========

The arterial baroreflex system has been and will be an important target of studies regarding autonomic and circulatory physiology, pathology, pharmacology, and medical treatments. Whole body animal experiments are still required to understand the arterial baroreflex function as a key link between the autonomic nervous system and the cardiovascular system. There is still a lack of information regarding the effects of many important physiologically active substances and pharmacological agents on the baroreflex equilibrium diagram. Interactions of the arterial baroreflex system with other reflex systems such as the chemoreflex remain to be fully elucidated. There are many disease models in which the baroreflex equilibrium diagram needs to be estimated for a better understanding of the underlying pathology. Observational studies alone do not allow quantitative description of the neural and peripheral arc characteristics because of the closed-loop operation of the arterial baroreflex and the presence of other parallel feedback systems. Despite known limitations such as the need for anesthesia and vagotomy, open-loop systems analyses of the static and dynamic characteristics need to be performed to fully understand the AP regulation via the arterial baroreflex system.
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